We report on 1/B-periodic magnetoresistance oscillations in a two-dimensional electron system induced by microwave irradiation. They are only present in high mobility samples when an initial light pulse has created a persistent photoconductive channel in the adjacent donor layer. The oscillations manifest a geometric commensurability between the electron cyclotron orbit and a steady-state periodic density modulation. The latter may originate from the non-linear dynamical screening of a surface acoustic wave potential in the persistent photoconductive channel, triggered by the incident monochromatic microwave.
Geometrical resonances in magnetotransport data, that originate from the commensurability between the cyclotron orbit of a ballistic two-dimensional ͑2D͒ electron confined to a GaAs/Al x Ga 1Ϫx As heterointerface and the periodicity of an externally imposed electric modulation potential has been reported in numerous experiments.
1-3 A common way of superimposing a static periodic potential onto the 2D electron system consists of writing an array of lines in a resist layer and subsequently either transferring this pattern with the aid of a shallow etch or depositing a metal on top so it is periodically displaced. Usually a reduction in the quality and, for small lattice periods, homogeneity has to be taken for granted. Alternatively a noninvasive technique based on holographic illumination to create a persistent periodic variation of the density has been successfully implemented; 1 however, it is limited by the laser wavelength to periods on the order of 200 nm. To erase the modulation or alter its periodicity the sample has to be warmed up. To subject the twodimensional electron system ͑2DES͒ to a periodic modulation with a substantially shorter period without resorting to approaches that affect its quality, one may exploit the properties of surface acoustic waves ͑SAW's͒ in semiconductors. 4 -6 Their slowness ensures a short enough wavelength within the accessible range of coherent excitation frequencies. Here we demonstrate that the apparent transformation of microwaves, incident on a GaAs/ Al x Ga 1Ϫx As heterostructure containing a 2DES, into surface acoustic waves may induce a weak but static periodic modulation of the 2DES density, provided a low-mobility parallel conduction channel in the donor-doped region of the Al x Ga 1Ϫx As barrier is present. The amplitude and periodicity can be tuned in situ through a variation of incident power and frequency of the microwave. The conversion of microwaves into SAW's relies on the piezoelectric properties of the Al x Ga 1Ϫx As-compound single crystal. The existence of this static modulation has been detected via magnetoresistance oscillations at low magnetic fields. A detailed analysis correlates the periodicity of the modulation with the wavelength of the excited SAW. The results are interpreted in terms of nonlinear dynamical screening of a SAW potential by persistent photoexcited electrons in the Al x Ga 1Ϫx As donor layer.
The experiments have been performed on a conventional GaAs/Al x Ga 1Ϫx As heterojunction sample patterned into Hall bars with two different widths: 0.4 and 0.058 mm. The distance between adjacent voltage probes was either 0.5 mm for the wide Hall bar or varied from 0.02 to 0.6 mm in the narrow sample. The electron density and mobility were in the range of (1.5-3.0)ϫ10 11 cm Ϫ2 and (0.7-1.5) ϫ10 6 cm 2 /V s. A variation of the density was obtained by illuminating with a red light-emitting diod ͑LED͒ ͑780 nm͒ and a subsequent ''anneal'' to a temperature of 30-40 K. Concomitantly a parallel conduction channel in the donor layer is created. The transport measurements were carried out with a standard lock-in technique by driving a sinusoidal current through the sample with a frequency of 13 Hz and an amplitude between 100 and 1000 nA. The magnetoresistance was acquired under continuous microwave irradiation from an HP-generator ͑HP-83711A͒. The microwaves were inserted in a 16-mm waveguide mounted in the center of a cryostat with a superconducting coil and submerged in liquid helium. The waveguide was short circuited at one end near the sample with an adjustable metallic plate to ensure that the sample was always located in the maximum of the microwave electric field irrespective of its frequency. The field was oriented in the plane of the sample perpendicular to the current flow through the Hall bar. The accessible range of microwave frequencies was 10-20 GHz. The frequency was swept almost continuously ͑with steps of 0.1 MHz͒ in order to detect those frequencies for which a standing SAW would form. Most measurements were recorded at 4.2 K to reduce the contribution from Shubnikov-de Haas ͑SdH͒ oscillations to the magnetoresistance. These were far more sensitive to temperature than the commensurability oscillations of interest.
Figure 1 presents typical magnetoresistance data measured for two electron densities in the absence and presence of microwave radiation. The R xx curves taken under continuous microwave irradiation exhibit, apart from the wellknown SdH features, additional oscillations at small fields. For each microwave frequency, several peaks marked by the numbers 1, 2, 3, and 4 are clearly identified. The location of these maxima depends both on the microwave frequency and the electron density. The indicated microwave power level was sufficiently low to avoid significant electron heating as the amplitude of the SdH oscillations remained nearly unaffected. A further decrease of the microwave power mainly resulted in a reduction of the amplitudes of the low field oscillations. Figures 2͑a͒ and 2͑b͒ summarizes the B-field position of the strongest oscillations (Nϭ1,2,3) for both electron concentrations and as a function of microwave frequency. Each oscillation maximum shifts to higher B fields in linear proportion to the microwave frequency. To emphasize the 1/B periodicity of these oscillations, the same data is plotted in 1/B vs 1/f graphs ͓Figs. 2͑c͒ and 2͑d͔͒. For both concentrations the 1/B periodicity increases with a decrease of the microwave frequency. The phase shift of the oscillations is analyzed in Fig. 3͑a͒ . For each of the maxima N the slope d f /dB͉ N is extracted from Fig. 2 . The intersection with the abscissa N then reveals a phase shift close to Ϫ0.2. Such a phase shift was also observed in Ref. 1, where periodic potentials were imposed with the help of holographic illumination. The authors found a positive phase shift for the maxima when the current flows perpendicular to the equipotential lines of the 1D periodic potential and a negative phase shift in the configuration where the current flows parallel to the equipotentials. The negative value here thus indicates that the microwave-induced periodic variation of the density develops along the y direction perpendicular to the main axis ͑current flow or x direction͒ of the Hall bar. The inset to Fig.  3͑b͒ illustrates the dependence of the oscillation amplitude on the incident microwave power. At small intensities a quadratic dependence is observed. At higher levels the amplitude saturates or is suppressed presumably due to heating of the 2DES.
The strong similarities, a 1/B periodicity that decreases with increasing density and the phase shift, with the commensurability oscillations previously reported for a 2DES subjected to a static density modulation, strongly suggest that the oscillations observed here indeed originate from the commensurability between the cyclotron radius of electrons at the Fermi energy and the frequency dependent period of a density modulation induced by the microwave radiation. We conceive the following scenario. The microwave is transformed into a standing SAW in the crystal with piezoelectric properties. This standing wave generates a time-averaged density modulation in a poorly conducting parallel electron channel formed in the delta-doped layer of the Al x Ga 1Ϫx As-barrier after illumination with a LED. It in turn induces a periodic modulation in the burried 2DES. The involvement of this persistent photoconductive channel is deduced from the absence of the oscillations if the sample had not been illuminated with light prior to acquiring the transport data. Annealing cycles between 30-40 K for approximately two minutes after illumination apparently improved the conditions to produce a modulation. In the remainder of the paper we analyze the data along these lines.
Light from the LED creates a persistent electron channel in the doped region of the Al 11 cm Ϫ2 ͑a͒ and n e ϭ2.4ϫ10 11 cm Ϫ2 ͑b͒. In panels ͑c͒ and ͑d͒ the same data is plotted as in ͑a͒ and ͑b͒ however on a 1/B abscissa and a 1/f ordinate.
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enough temperatures, and plays a crucial role in the discussed phenomena. An important property is its rather low conductivity ͑in comparison with the speed of sound͒, therefore a SAW-induced periodic potential remains unscreened. If the sample is irradiated by a microwave field E MW cos t polarized perpendicular to the main axis (x-direction͒ of the Hall bar and with the frequency f ϭ/(2) a standing SAW can be excited with the wave number qϭ2 f /s, the wavelength SAW ϭs/ f and the same polarization: eE SAW cos ky cos(tϩ). We derive that the harmonic microwave in conjunction with the SAW fields can generate a density modulation ⌬ with period SAW , 2 ph is the 2D screening length within this layer and the parameter ϭs/2 ph is the ratio between the SAW velocity and the speed with which a 2D charge spreads, 2 ph /. The phase shift between the microwave field and the force acting on the electron by the SAW is treated as a phenomenological parameter. To arrive at Eq. ͑1͒ the density dependence of the conductivity of the low mobility persistent channel, ph ϭ ph ϩЈ, ͑2͒
was included into the dynamical screening analysis of the SAW field. 10 The time-dependent SAW potential induces the density modulation (y,t) in this channel and the evolution of (y,t) obeys the following set of equations:
For the monochromatic standing SAW ͑equal weight of q and Ϫq), we expand in the donor layer into the sum ϭ q (y,t)ϩ q0 (y). Spatial and frequency harmonics of the induced electric field E ind ϭE q (y,t)ϩE q0 (y) then follow from the corresponding q and harmonics of (y,t). They are more easily expressed using the plane wave representation E q ϭϪi2/͉q͉ . A self-consistent treatment yields q ϭϪ( ph /se)E SAW /(1Ϫi). Finally, the steady state part of the modulated density ͓Eq. ͑1͔͒, ⌬ϭ q0 , is found from the condition j q0 ϭ0 and Eq. ͑2͒.
In the 2D electron gas buried at a distance d below the persistent channel, the steady state density ⌬ induces a potential modulation for a 1D modulation with its equipotential lines oriented along the current flow-as is the case here for the chosen polarization of the microwave field. The dependence of the period on the microwave frequency can be extracted from the experiment in Fig. 3͑b͒ . The period varies from approximately 300 to 150 nm for microwave frequencies between 10 and 20 GHz. It is inversely proportional to the microwave frequency. The proportionality coefficient equals 2.9 ϫ10 3 m/s for both electron densities, a number that agrees very well with the sound velocity in GaAs.
Additional evidence for the conversion of microwaves into SAW is presented in Fig. 4 . The dependence of R xx at constant Bϭ0.47T, corresponding to the Nϭ2 maximum, is plotted for a fixed microwave power as a function of microwave frequency across a very narrow range. Strong, nearly periodic beats in R xx (Bϭ0.47 T) with the period of about 25
MHz manifest the excitation of a standing wave in the system. An accurate value of the period of these oscillations was determined from a fast former transform ͑FFT͒ analysis of the pattern in Fig. 4͑a͒ . As shown in Fig. 4͑b͒ , the period of these oscilations, ␦ f , is equal to 23.4 MHz, in excellent agreement with the expected frequency spacing ␦ f ϭs/2W of a standing SAW excited across the Wϭ0.058 mm wide Hall bar.
In summary, we observed oscillations in the magnetoresistance of a 2D electron gas that originate from the commensurability between the electron cyclotron orbit and the period of a steady-state periodic density modulation, present in the parallel persistent photoconduction channel and likely induced by a standing SAW resonantly excited by an incident monochromatic microwave field. This very non-invasive technique to subject 2D electrons to a periodic modulation opens up attractive prospects for the study of the rich quantum transport physics in periodic systems. The periodicity and modulation strength can both be tuned in situ. An extension to higher microwave frequencies should produce lattices with unprecedented homogeneity and with periodicities difficult to achieve with the traditional methods.
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